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Gene expression analysis is a critical and important tool in molecular diagnostics and medicine [1] [2] [3] [4] . Quantification of RNA transcripts is carried out using one of four common methods; reverse transcription polymerase chain reaction (RT-PCR) 5 , RNase protection assays 6 , northern blotting and in situ hybridisation 7 , and less commonly now using cDNA arrays 8 . At present, the most popular and widely used method for gene expression is fluorescence based quantitative real time PCR (RT-qPCR) 9 . It is the most sensitive and flexible of the quantitative methods with a capacity to detect and measure minute amounts of nucleic acids 10, 11 . There are two types of quantitative methods that can be applied within RT-qPCR; absolute quantification and relative quantification. Absolute quantification relates the PCR signal to a standard curve to determine the input copy number of the gene of interest. In contrast, relative quantification evaluates the change in expression of a target gene relative to a reference group, for example an untreated control 12 .
When employing RT-qPCR to compare mRNA levels between two different test conditions, it is imperative that reference genes are utilised carefully 9,10 . Normalisation of the data with these reference genes is essential for correcting results of different amounts of input RNA, uneven loading, reverse-transcription yield, efficiency of amplification and variation within experimental conditions 9,13 . The mRNA of reference genes should be stably expressed and their expression should not be affected by experimental condition or by any human disease 14 . Numerous studies have demonstrated that common reference genes, such as β-Actin and GAPDH, which are largely accepted as being stably expressed within cells, can in fact show large variations in expression [15] [16] [17] [18] . Despite the awareness that validation of the stability of reference genes is an essential component for accurate RT-qPCR analysis, this consideration is still largely disregarded 19-21 .
Further to this, it is reported that over 90% of gene expression analysis published in high impact journals used only one reference gene [22] [23] [24] . It has since been widely documented that normalisation of data with a single reference gene can lead to inaccurate interruption of results 10,25,26 . Taken together, this highlights the importance of selecting the optimal number and type of reference genes for any RT-qPCR study. Other essential considerations such as; analysis of assay efficiency, testing for inhibition with biological samples and reporting the quality and integrity of input RNA are all highlighted in the 'MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments' 10 .
In this study, we sought to highlight the importance of carefullydesigned RT-qPCR studies in order to avoid the reporting of inaccurate and misleading information. We test a panel of nine candidate reference genes and report their stability between 2-dimensional and 3-dimensional HCT116 and HT29 colon cancer cell lines, as well as between normal and cancerous tissue from colon cancer patients. We also demonstrate useful tests that should be implemented within RT-qPCR studies to ensure that studies comply with the MIQE guidelines.
Methods
Cell culture HCT116 (ATCC ® CCL-247™) and HT29 (ATCC ® HTB-38™) cell lines were obtained from ATCC. These cell lines were cultured in complete Dulbecco's modified essential medium (DMEM) supplemented with 10% of foetal bovine serum, 1% of penicillin/ streptomycin and 1% of L-glutamine. All cells were incubated at 37°C in a humidified 95% air/5% CO 2 environment. Cellular suspensions were obtained by adding 0.5% trypsin to the cultures and incubating at 37°C at 5% CO 2 .
3-dimensional cell cultures
Individual wells of a 6-well plate were coated with Matrigel TM (BD Biosciences) and placed in an incubator at 37°C for 30 min. Cell lines were trypsinized and counted. 50,000 cells/ml were resuspended in DMEM supplemented with 2% Matrigel TM . Cells were placed in Matrigel TM coated wells for 30 min at 37°C, after which DMEM supplemented with 2% Matrigel TM was added to the cultures. Cells were maintained in culture for 6 days in an incubator at 37°C, 5% CO 2 with fresh medium added every 2 days. On day 6, cultures were harvested using EDTA/PBS and either fixed with paraformaldehyde (PFA) for confocal analysis (Zeiss LSM 710) or used for RNA extraction.
Clinical samples
Following ethical approval from the University Hospital Limerick's Ethics Committee (ethical approval number 73/11), tissue samples measuring approximately 0.5cm in diameter were collected from patients undergoing surgery in University Hospital Limerick. Normal tissue from the patients was also collected approximately 10 cm away from the cancer tissue. Specimens were immediately placed in Allprotect tissue reagent (Qiagen) and stored at -80°C.
RNA extraction and cDNA synthesis 2-dimensional and 3-dimensional cell cultures were trypsinised as described above and frozen tissue was immersed in liquid nitrogen and ground into powder. Lysis buffer was added to the cells and tissue and the samples transferred to tubes using a 21-gauge needle. Total RNA was extracted as per Qiagen RNeasy Mini Kit instructions. RNA was quantified using a Nanodrop Spectrophotometer (Thermo Scientific) and stored at -80 degrees. RNA purity was evaluated by the ratio of absorbance at 260/280 nm and RNA quality was evaluated through visualization of the 28S:18S ribosomal RNA ratio on a 1% non-denaturing agarose gel. Total RNA (1 μg) was synthesised into cDNA using Vilo cDNA synthesis kit (Invitrogen) and stored at -20 degrees.
Real-time PCR
Real-time PCR was conducted using the ABI 7900 HT instrument (Applied Biosystems) following supplier instructions. Taqman ® Gene Expression Assay Kits (Applied Biosystems) were used to analyse the gene expression of protein kinase c (PKC) coding genes. Data was normalised to either one reference gene or three reference genes (see below).
Assay efficiency test
The efficiency of each assay was determined by means of a calibration curve with the logarithm of the initial template concentration plotted on the x axis and the Cq plotted on the y axis. The slope of the graph was obtained and the PCR efficiency was calculated using the equation: 10 -1/slope -1. 
Inhibition test
Real-time PCR was conducted on corn DNA using a corn gene assay with a known Cq value of 24-26. Samples of cDNA from 2D and 3D HCT116 and HT29 cultures and from patient tissue was added to the reaction to test for an inhibitory components that may be present in these biological samples.
Selection of reference genes
All nine reference genes ( Table 1 , Table 2 ) were purchased as pre-designed Taqman ® Gene Expression Assays. The Cq value of each reference gene was determined for all biological samples.
Normfinder was used to determine the most stable reference genes between 2D and 3D cell cultures as well as between normal and cancer tissue. Differences in gene expression levels of the PKC coding genes was determined using Pair Wise Fixed Reallocation Randomisation Test © as per REST © software. Within the software data was normalised to either the top reference gene or the top three reference genes. The three Cq values for each PKC coding gene and the appropriate reference genes is displayed for the 2-dimensional and 3-dimensional HCT116 cell cultures. The three Cq values for each reference gene is displayed for the 2-dimensional and 3-dimensional HT29 cell cultures. The three Cq values for each PKC coding gene and the appropriate reference genes is displayed for the 2-dimensional and 3-dimensional HT29 cell cultures. The three Cq values for each reference gene is displayed for the normal and colon cancer tissue. The Cq values obtained for the corn assay when each of the sample types indicated are added to the RT-qPCR.
Comparison of reference genes in HCT116 2-dimensional and 3-dimensional cultures
In this study, we wanted to compare and validate the stability of reference genes used in quantitative real time PCR (RT-qPCR). To do this, HCT116 cells were grown in 2-dimensional and 3-dimensional cultures ( Figure 1A ). Following this, RNA was extracted from the cultures and cDNA was synthesised. Quantitative real time PCR was utilised to measure the variability in RNA transcript levels of 9 reference genes (RG) ( Figure 1B , Dataset 1). Next, we wanted to elucidate the benefit of normalising data to more than one RG. To do this, we compared the expression of seven PKC coding genes in 3-Dimensional HCT116 cultures compared to 2-dimensional HCT116 cultures. The data was normalised to either one RG, B2M, or normalised to three RGs, B2M, PMM1 and RPLPO ( Figure 1C , Dataset 2). Results indicate that using one RG gives fold changes that are greater than the fold changes obtained using three RGs.
Comparison of reference genes in HT29 2-dimensional and 3-dimensional cultures Next, we compared the stability of the same 9 candidate reference genes in HT29 cultures. The cells were grown in 2-dimensional and 3-dimensional cultures (Figure 2A ) before using RT-qPCR to determine the stability of the RGs between the two conditions. Normfinder revealed the most stable RGs were PMM1, HRPTI, PP1A and TBP ( Figure 2B , Dataset 3) with PMM1 and HRPTI having a value of 0.001 and PP1A and TBP having a value of 0.002. Again, we examined the expression of the PKC coding genes in the cultures and normalised the data to one RG, PMM1, or three RGs, PMM1, HRPTI and PP1A ( Figure 2C , Dataset 4). Our results indicate that there is variation in the fold changes obtained when using one RG versus three RGs. In some instances, genes that are found to be down-regulated when normalising with one RG are in fact up-regulated when normalising with three RGs.
Comparison of reference genes in normal colon tissue versus colon cancer tissue Following this, we wanted to examine the stability of the nine candidate RGs in normal and colon cancer tissue. We used fresh tissue samples that were excised from both the cancer tissue and normal distant tissue of individual patients ( Figure 3A) . As above, the expression levels of the nine candidate RGs were determined and Normfinder was used to establish the stability of the genes. PGK1, GUSB and PP1A were ranked as the most stable genes between normal and cancerous tissue ( Figure 3B , Dataset 5). Next, we examined the change in PKC coding genes in colon cancer tissue when the data was normalised to one RG, PGK1, and normalised to three RGs, PGK1, GUSB and PP1A ( Figure 3C, Dataset 6) .
The results demonstrate that using one RG can present fold changes that are up to 2-fold greater than when using three RGs. Table displaying the stability levels of the nine candidate reference genes between the normal and cancer tissue. (C) Graph representing the fold change of PKC coding genes in cancer tissue compared to normal tissue (n=21) when using one reference gene (PGK1) versus three reference genes (PGK1, GUSB and PP1A).
Considerations when conducting RT-qPCR
Taken together, the results indicate that variations in fold changes can occur depending on the RG used to normalise data; making the selection of the correct RGs an imperative part of RT-qPCR studies. Further to this, the testing and reporting of assay efficiency is also essential to prevent the reporting of misinformation. Taking this into consideration, we examined the efficiency of all the RG assays and PKC coding genes assays ( Figure 4A, Dataset 7) . This information was inputted into the REST © software when establishing changes in gene expression between tested conditions. Another important consideration when designing RT-qPCR studies is the testing of your cDNA for any contaminants which could lead to the inhibition of the RT-qPCR reaction. For this reason, we added our samples to a standard RT-qPCR reaction using corn DNA and a gene that is known to have a Cq value of 24-26. If there were contaminants present in our cDNA samples this would inhibit the reaction resulting in a reduction in the Cq values 10 . However, we found no change in the Cq values for the reactions with the cDNA added, indicating the samples do not have any contaminates that will affect the amplification of our genes ( Figure 4B, Dataset 8 ). It is also essential to report the quality assessment of the RNA templates, such as the RNA quantity, quality and integrity. We evaluated the RNA purity by the ratio of absorbance at 260/280 nm and RNA quality was assessed through visualization of the 28S:18S ribosomal RNA ratio on a 1% non-denaturing agarose gel (Figure 4C,D) .
Discussion
The first publications using fluorescence-based quantitative real time PCR (RT-qPCR) 27-30 emerged almost a decade ago and since this time it has become the leading technique for gene expression analysis 31, 32 . While RT-qPCR remains the most sensitive method for the detection of RNA transcripts 33 there are also many challenges associated with the technique 34,35 . One of the major difficulties is the selection of appropriate reference genes for the normalisation of data. Hence the purpose of this study was to evaluate the stability in expression of nine candidate reference genes in two colon cancer cell lines as well as in normal and cancerous tissue from colon cancer patients. To help find the most suitable reference genes we selected genes which display a variation of functions within cells (Table 1) .
Firstly, we examined the stability of the nine candidate reference genes between 2-dimensional and 3-dimensional HCT116 and HT29 cultures ( Figure 1A, Figure 2A ). The use of 3-dimensional cell cultures as cancer models is becoming increasingly popular 36-38 ; making the availability of appropriate reference genes important to help reduce the reporting of misinformation. When we examined the variation in expression between 2-dimensional and 3-dimensional HCT116 cells we found B2M, RPLPO and PMM1 to be the most stable genes between these two conditions ( Figure 1B ). Many publications have highlighted the problems associated with normalisation of data using only one reference gene 22,23 , for this reason we wanted to investigate differences in fold changes associated with normalising data to one reference gene compared to three reference genes. To do this, we investigated the change in expression in a selection of protein kinase c (PKC) coding genes between 2-dimensional and 3-dimensional HCT116 cultures. We examined PKCs as they are a group of proteins that are extensively studied for their role in oncogenic signalling 39 . Interestingly, when normalising the data to the reference gene B2M alone we found the change in expression of PKC coding genes was greater compared to normalisation with the reference genes, B2M, RPLPO and PMM1 together ( Figure 1C ). This finding highlights the need for normalisation with more than one reference gene to help eliminate the misinterpretation of fold changes in target genes.
Next we wanted to establish the stability of these reference genes in 2-dimensional and 3-dimensional HT29 cultures (Figure 2A) . Normfinder ranked PMM1, HRPTI, PP1A and TBP as the most stable genes between these cultures ( Figure 2B ). It is important to note that despite the fact the treatments here were the same; there was a difference in the selected reference genes for HCT116 and HT29 cultures. This again emphasises the need to conduct stability tests on a panel of reference genes prior to all RT-qPCR studies to ensure data is normalised correctly. Again, we examined the difference in fold changes of PKC coding genes when normalising with varying numbers of reference genes. Importantly, we found that some target genes showing a down regulation when normalised with PMM1 showed no change when normalised to PMM1, HRPT1 and PP1A ( Figure 2C ).
RT-qPCR is the most common method used for the quantification of individual genetic differences in normal versus cancerous tissue 9,34 . Recent publications demonstrated that 97% of RT-qPCR studies conducted on colorectal cancer contained information that was unreliable 21 . Thus, when examining difference in mRNA levels between normal and diseased tissue it is imperative the correct reference genes are used to normalise the data to prevent the presence of misleading information in the literature. Using normal and cancer tissue from CRC patients ( Figure 3A) we examined the stability of the nine candidate reference genes, finding PGK1, GUSB and PP1A to be the most stably expressed ( Figure 3B ). As before, we compared the expression of PKC coding genes in normal and cancer tissue with the data normalised to either PGK1 alone or PGK1, GUSB and PP1A together. Strikingly we found that using only one reference gene results in a fold change that is up to 2 fold greater than when using three reference genes. This is a very important observation as it clearly displays that the misuse of reference genes could lead to the incorrect reporting of a dysregulated genes in cancerous tissue.
Although the selection of the correct reference genes is a key challenge when conducting RT-qPCR studies there are other aspects of experimental design that also need to be considered 10 . In this study, we highlighted appropriate tests to comply with necessary measures for RT-qPCR studies (Table 3) . When utilising relative quantification it is essential that the gene assay of the reference gene and the target gene are amplified with comparable   Table 3 . Checklist of tests to conduct when designing RT-qPCR studies.
Checklist Suggested Test
Correct reference genes Test a panel of candidate reference genes using Normfinder
Efficiency of primer assays
Conduct a calibration curve and use the slope of the graph to calculate PCR efficiency with the following equation: 10 -1/slope -1
Inhibition within samples
Add samples to a standard RT-qPCR reaction and look for changes in the Cq values
RNA purity
Measure the ratio of absorbance at 260/280 nm
RNA integrity
Visualization of the 28S:18S ribosomal RNA ratio on a 1% non-denaturing agarose gel efficiencies 34 . For this reason, we examined the efficiency of all gene assays using a calibration curve ( Figure 4A ) and we used this value when evaluating the fold change between conditions. Another important consideration in experimental design is establishing the presence or absence of biological contaminants in samples which may inhibit the RT-qPCR reaction 40 . We designed an inhibition assay test and displayed that there was no inhibitors present in any of the samples ( Figure 4B ). Finally, the documenting of the quality assessment of RNA templates is critical within RT-qPCR studies as it has been observed that there is a difference in gene expression stability between intact and degraded RNA samples from the same tissue and higher gene-specific variation in degraded samples 34, 41 . In this study, we documented the RNA purity by the ratio of absorbance at 260/280 nm and RNA quality through visualization of the 28S:18S ribosomal RNA ratio on a 1% non-denaturing agarose gel ( Figure 4C,D) .
Our data clearly demonstrates that the variability in the expression of reference genes can lead to false interpretation of results; making the selection of the correct genes essential when normalizing RNA concentrations in RT-qPCR analyses. Further to this we have demonstrated appropriate tests to create studies which comply with the MIQE guidelines. The implementation of these guidelines 10,42 should be employed by all reviewers when accepting gene expression studies for publication as it will help eliminate the reporting of inaccurate and misleading information.
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As a conclusion of their work, they present a very useful checklist for any researchers that want to perform gene expression analysis using RT-qPCR, which includes all the steps to follow when designing RT-qPCR experiments.
When reviewing this work, there are several minor points that have raised my concern, although they don't affect the main conclusions of the work. These minor points are:
It is not clear to me whether the three Cq values given on the data sets correspond to three independent experiments (biological replicates) or they are three values obtained from the same sample (experimental replicates).
In Figure 2C the authors have presented their data in a way that I consider it magnifies their results and it can be slightly misleading. The authors have plotted the fold changes in PKC genes using what is known as "Fold Regulation", in which the values of Fold Change below 1 are plotted as negative values. When the data is plotted in this way, the area of the graph between +1 and -1 it simply doesn't exist; the values will always "jump" from >+1 to <-1.
If the data presented in Figure 2C was plotted without making this conversion to Fold Regulation we will be able to appreciate more clearly that the expression of several PKC genes does not change much -the values will probably oscillate between 1.2 and 0.8.
My recommendation for the authors is to change the way the present their data in this case where the Fold Regulation data oscillates between positive and negatives values, but they are all very close to 1 (that is, there is only a limited variation in expression relative to the control sample of 2D cultures). I suggest two alternatives:
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cultures). I suggest two alternatives:
-Remove the gap between +1 and -1 in your Y axis.
-Present your data as Fold Change, without converting it to Fold Regulation.
As a final comment, also please put your gene names in a way that they don't overlap with the bars, as it is very difficult to read them. This also applies to Figure 3C .
Regarding the assessment of RNA purity and integrity, the authors have used spectrophotometry and running an agarose gel, respectively. This is correct, but if we want to compare RNA integrity across samples it would be better to perform this type of analysis using a Bioanalyzer (Agilent Technologies). With this assay we will be able to obtain a more quantitative measurement of RNA integrity in the form of the RIN value. My suggestion to the authors is, if possible, to complement the data they already have with a Bioanalyzer analysis and the corresponding RIN data. In this way they will confirm that the simpler strategy that they propose is a valid one.
I have read this submission. I believe that I have an appropriate level of expertise to confirm that it is of an acceptable scientific standard.
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We thank the reviewer for the suggestions. We have adjusted the manuscript accordingly and we agree that it is better presented now.
The values given on the datasets corresponds to three independent experiments i.e three biological replicates. We have now written a note within each dataset to clear any ambiguity.
We are grateful to the reviewer for making the observation on Figure 2C . We have now updated the figure and removed the area between 1 and -1. We have also changed the layout in our graphs to ensure the gene names don't overlap with the bars.
We agree with the reviewer, using a Bioanalyzer is the preferable method for looking at RNA integrity and purity. Unfortunately, it is not possible for us to complement our data with a Bioanalyzer analysis as we don't have access to this piece of equipment. We used non-denaturing agarose gels and a nanospectrometer for our work. There are many Universities that do not have access to a Bioanalyzer and for this reason we wanted to offer this alternative approach to encourage all researchers to carry out integrity and purity tests in the absence of such equipment.
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